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Abstract: In naval vessel equipment, airborne and structure-borne noise are ultimately transmitted to the hull and then propagated in 

water, thus increasing their exposure to the enemy. The noise level is also a critical factor affecting the comfort of crew members. 

Airborne and structure-borne noise are strictly managed based on US Navy standards, with low vibration and noise as the basic quali-

ties of naval vessel equipment. In this study, the causes of excessive vibration owing to the rotational motion of the motor and recip-

rocating motion of the hydraulic pump in the hydraulic power unit were analyzed via a structure-borne noise test. A study on reduc-

ing the structure-borne noise of the hydraulic power unit is conducted by altering the design of the hydraulic tank. A modal analysis 

of the hydraulic tank is performed to avoid the frequency that exhibits a high acceleration level in the structure-borne noise evalua-

tion. A harmonic analysis is performed to verify the reduction in structure-borne noise. The effectiveness of the improved design 

change is verified by confirming that the acceleration level is reduced. Then, the vibration characteristics are identified using finite 

element analysis (FEA). It is confirmed that FEA is effective in reducing the structure-borne noise in the final test evaluation, thus 

validating the modified design. 
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1. Introduction 

1.1 Background of research 

The noise from naval vessels exposes them to the enemy, 

thus making them vulnerable to attacks from underwater weap-

on systems such as submarines and torpedoes. Research on 

vibration and noise reduction in naval vessels is important as it 

directly affects the survival of the vessels [1]. Noise and vibra-

tions in naval vessels are caused by the equipment installed in 

the vessel, as shown in Figure 1, and the airborne and structure-

borne noise from the vessel are transmitted to the hull and prop-

agated into the water. Such noise and vibration are also very 

important factors that determine the comfort of crew members 

[2]. Therefore, in several countries worldwide, the noise level of 

major compartments is required to be below a certain level. The 

noise level permitted for major naval vessel equipment is con-

trolled based on more stringent standards for noise in the vessel, 

as well as for underwater radiation noise. The development and 

application of soundproof and vibration-proof technology are 

required to meet these requirements [3]-[6]. 

For naval vessel equipment, air and structure-borne noise 

from the equipment must meet US Navy standards [7][8]. Sev-

eral studies have been conducted on vibration and noise reduc-

tion to satisfy this standard. In particular, the hydraulic power 

unit mounted on naval vessels plays an important role in the 

operation of various door-closing and opening devices, winch-

es, cranes, and steering systems installed on naval vessels that 

use high pressure. Because this unit is one of the major causes 

of noise and vibration in the vessel, low levels of noise and 

vibration are required. 

Recent studies have shown that active mounts combined with 

passive rubber and electromagnetic actuators have been pro-

posed and applied to marine equipment. In addition, new com-

posite foundations with entangled metal wires have been pro-

posed to reduce vibrations in the foundations [9]-[10]. Further-

more, to address the existing challenges of conventional water 

piston pumps used in naval vessels, such as low efficiency, high 

noise, large vibration, and non-intelligent control, a novel type 
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of linear-motor-driven water piston pump has been developed 

[11]. The exciting forces of naval vessel equipment should be 

restricted, and additional anti-vibration devices such as resilient 

mounts and bellows should be applied. Because structure-borne 

noise depends on the design of the equipment base, the realiza-

tion of a low-vibration base design is crucial [12]. Electromag-

netic devices for vibration damping and isolation are becoming 

practical alternatives to conventional mechanical vibration and 

isolation methods [13]. 

Figure 1: Path of underwater radiation noise 

1.2 Objective of research 
The hydraulic power unit consists of a vertical motor directly 

involved in the operation of a vessel. A hydraulic pump in-

stalled inside the hydraulic tank is connected to the motor shaft, 

as shown in Figure 1. A hydraulic tank supporting the motor 

and hydraulic pump, as well as the inlet and outlet piping, is 

connected to the pump. An elastic mounting supports the hy-

draulic tank. The noise in the hydraulic air system is generally 

classified into airborne and structure-borne noise. Structure-

borne noise is generated by the vibration from the operation of 

the motor and hydraulic pump, which is then transmitted to the 

structure, causing the structure to vibrate as the noise is trans-

mitted to the hull and propagated underwater. 

Structure-borne noise is created by the vibration generated 

from the rotational and reciprocating motions of the motor and 

piston of the hydraulic pump, respectively. The source of this 

noise may be located at the point where vibration is transmitted 

to the hull through hydraulic tanks, elastic mountings, and pip-

ing. There are two approaches to reduce such structure-borne 

noise. The first approach is to reduce vibrations in the motor 

and pump themselves, and the second is to control the vibration 

transmission path and reduce the noise. 

This study investigates the cause of excessive vibration creat-

ed by the vibromotive force of the motor, including the pump 

itself, in the hydraulic power unit via a structure-borne noise 

test. A vibration reduction countermeasure is proposed to inhibit 

frequencies from exceeding the specified vibration level by 

tweaking the design based on FEA. Modal and harmonic FEA 

are applied to save time and cost in the experimental approach. 

2. Test evaluation of hydraulic power unit
2.2 Evaluation criteria 

The evaluation of naval vessel equipment should meet US 

Navy standards: MIL-STD-740-1 (SH) and MIL-STD-740-2 

(SH) [7][8]. The noise specified in US Navy standards is meas-

ured by dividing noise into airborne noise delivered through the 

air and structure-borne noise transmitted through the support at 

the bottom of the equipment. Separate standards are applied for 

each type of equipment. Structure-borne noise transmits vibra-

tion to the bottom of the hull and connecting equipment, and the 

noise transmitted to the hull and underwater is evaluated. The 

vibratory acceleration level is measured at the top of the equip-

ment mount. In the case of equipment vibration, evaluation is 

performed according to MIL-STD-167-1A, after which the 

vibration displacement at the rotational frequency is assessed 

[14]. 

Figure 2: Test criteria of structure-borne noise 

The structure-borne noise in naval vessel equipment is classi-

fied into for types: Types I–IV. The Type-II reference level is 

applied to the hydraulic power unit. The equipment does not 

come in contact with seawater, and a weighted value of 5 dB is 

added to the standard level. As shown in Figure 2, the standard 

level is 1/3 the octave acceleration level with a range of 10–10 

000 Hz, and evaluation is performed based on this level. In the 



Reduction of structure-borne noise in hydraulic power unit with elastic mounting by evaluating structural acceleration level 

Journal of Advanced Marine Engineering and Technology, Vol. 44, No. 6, 2020. 12       424 

case of elastic mounting, the standard level should be less than 

11 Hz or less than 1/4 of the operating frequency, whichever is 

smaller. The vibration measurement test evaluates displacement 

with a single amplitude in each bearing casing for the rotational 

equipment. The measuring frequency interval is in the range of 

1–1 000 Hz with a 1-Hz interval. The test criteria are summa-

rized in Figure 3. 

Figure 3: Test criteria of vibration 

2.2 Structure-borne noise measurement test 
The Type-II reference level required by the US Navy stand-

ards is applied in the hydraulic power unit (Figure 4 and Table 

1), in which the equipment does not come in contact with sea-

water and is weighted 5 dB to the reference level. A vibratory 

accelerometer is attached to the top of the support connected to 

the bottom elastic mounting of the equipment, as shown in Fig-

ure 5. 

Figure 4: Hydraulic power unit 

Figure 5: Accelerometer on top of mounting 

(a) Schematic diagram of experimental setup 

(b) Nine measuring positions 

Figure 6: Experimental setup and measuring positions 

Table 1: Specifications of hydraulic power unit 

Model Hydraulic power unit 
Size (W) 1500 × (L) 1130 × (H) 1866 mm 
Mass 1400 kg 

Power supply AC 440 V, 60 Hz, 3 Phase 
Working 
pressure 24 MPa 

Motor 1,170 RPM, 45 kW, 450 kg 
 Pump Piston pump (9EA), 1170 RPM, 31.8 kg 
Mount Installed number: 9 EA 
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Table 2: Specifications of acceleration measurement device 

Item Device name 
Signal analyzer OROS_OR36 

Accelerometer 
MMF_KS943B100 

KS-77C-10 
Vibration 
Calibrator PCB_394C06 

Frequency Span 
1/3 octave band 10 Hz ~ 10000 Hz 

Narrow band 1 Hz ~ 750 Hz 
Resolution 750 line 
Averaging 30 times 

Figure 6 (a) illustrates the experimental setup while the spec-

ifications of the acceleration measurement device are presented 

in Table 2. The measurement frequency range for the 1/3 octave 

band is from 10 to 10 000 Hz. Considering the number of rota-

tions of the motor and pump, the range for the narrow band is 

between 1 and 750 Hz. The nine measurement positions are 

shown in Figure 6 (b). 

The working conditions include approximately 24 MPa of 

working pressure and 1170 RPM for the rotation speed of the 

motor and hydraulic pump. The main specifications are present-

ed in Table 1. The vibration of the hydraulic power unit is gen-

erated by the motor and pump. The unit is composed of nine 

pistons, and the reciprocating motion frequency of the hydraulic 

pump is 175.5 Hz. Structure-borne noise is measured at the top 

of the elastic mounting. The results of the structure-borne noise 

measurement indicate that the vibration level at a particular 

frequency exceeds the reference level at all measurement posi-

tions from positions 1 to 9. Figure 7 shows that the vibration 

level exceeds the reference level for points 5 and 9. 

2.3 Vibration measurement test 
The motor balance and shaft alignment with the bearing were 

assessed according to the test method of MIL-STD-167-1A. 

The measurement frequency range is determined from 1 to 1 

000 Hz, and considering the frequencies of the hydraulic power 

unit, the Hanning window function is used with a frequency 

interval of 1 Hz. The test criteria are shown in Figure 3. The 

state of the bearing is verified by attaching an acceleration sen-

sor on top of the bearing casing of the motor, as shown in Fig-

ure 8. Figure 9 presents a graph of the test results, and it is 

confirmed that the motor balance and axis alignment are in 

optimal condition. 

2.4 Analysis of structure-borne noise characteristics 
The vibromotive force of the vibration generated by the hy-

draulic power unit is generated by the motor and hydraulic 

pump. The vibration generated by the rotational and reciprocat-

ing motions of the motor and pump, respectively, is transmitted 

to the entire hydraulic tank, passes through the elastic mounting 

fixed on the floor, and then transmitted to the hull. 

Owing to the structure-borne noise measurement of the hy-

draulic power unit, all nine measurement positions exceeded the 

reference level. In the test results presented in Figure 7, the 

rotational frequency component of the motor exceeds the refer-

ence level in the wide band range of 160–10 000 Hz. For a pre-

cise analysis, the measurement frequency range was set at 10–

750 Hz with an interval of 1 Hz, considering the operating 

number of rotations of the motor and pump, as well as the fre-

quency band exceeding the reference level. The narrow-band 

results are shown in Figure 10. In the hydraulic power unit 

case, the vibration level is appropriate under the no-load opera-

tion condition. However, increasing the working pressure trig-

gers local vibrations in the entire hydraulic power unit system, 

such as in the support connected to the motor and hydraulic 

pump, hydraulic tank floor, and sides of the unit. Analyzing the 

narrow band results, the 20-Hz component is the primary com-

ponent in which the motor rotates, and other frequencies with 

high acceleration levels are 180, 339, 360, 539, and 719 Hz, 

five in total. These are the frequencies generated by the recipro-

cating motion of nine pistons of the hydraulic pump. The fre-

quency with a high acceleration level is considered to be a 

component generated by the vibration of the surrounding struc-

ture from the rotational and reciprocating motions of the motor 

and hydraulic pump, respectively. 

(a) Point 5 
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(b) Point 9 

Figure 7: Measurement results of structure-bone noise (1/3 

octave band) 

Figure 8: Measurement position of motor bearing casing 

Figure 9: Vibration measurement results 

(a) Point 5 

(b) Point 9 

Figure 10: Measurement results of structure-borne noise (nar-

row band) 

3. Hydraulic tank design considering vibration

characteristics 
In the narrow-band test results of the initial model of the hy-

draulic power unit, the main frequency and vibration character-

istics are analyzed to reduce the structure-borne noise in the 

modified model. To perform FEA on the hydraulic power unit, 

modeling was carried out using the commercially available 

design program UGS NX 8.0. Modal and harmonic analyses 

were performed using ANSYS Workbench. 

(a) Modeling 

(b) Mode shape of 1st 180 Hz 

Figure 11: FEA modeling and mode shape of 180 Hz (initial 

model) 



Sung-Yong Parkㆍ Jong-Rae Choㆍ Sanghyun Park 

Journal of Advanced Marine Engineering and Technology, Vol. 44, No. 6, 2020. 12       427 

3.1 FEA of initial model 
Before developing the design changes, the structure-borne 

noise characteristics of the hydraulic tank should be analyzed. 

Figure 11 shows the 3D modeling and first mode of the initial 

model. The 4-node shell element in ANSYS was used, and the 

Block Lanczos method was applied to extract the natural fre-

quency and mode shape. The main frequencies obtained from 

the structure-borne noise test were compared with the natural 

frequencies obtained from the modal analysis. Owing to this 

analysis, six existing natural frequencies approximate to the 

main frequency range obtained from the structure-borne noise 

test are determined for the initial hydraulic tank. Near the main 

frequencies, all surfaces, except the upper part of the hydraulic 

tank, are relatively vulnerable. 

The harmonic analysis results are shown in Figure 12 with 

high acceleration levels at 380, 550, 598, 689, 732, and 738 Hz. 

In the actual structure-borne noise test, the acceleration level is 

determined to be high in the main frequency band (300–500 Hz) 

range. In the measuring case of point 4, the acceleration level in 

the vertical direction is high at 380 Hz. From the modal shapes, 

points of relatively weak spots are identified at the positions of 

Points 4 and 5 below where the differential pressure regulators 

are installed. 

(a) Point 5 

(b) Point 9 

Figure 12: Harmonic analysis results (initial model) 

3.2 FEA of improved model 

Figure 13 shows the 3D modeling and first natural frequency 

of the improved model. To improve the weak points, a 10-mm 

thick reinforcement is added to the front, rear, side, and bottom 

of the hydraulic tank, and the structure-borne noise characteris-

tics are analyzed. 

The results of the harmonic analysis after reinforcement are 

shown in Figure 14, and it can be observed that the acceleration 

levels are high at 330, 562, 702, and 724 Hz. However, the ac-

celeration levels are reduced, and the number of weak points is 

reduced compared to the harmonic analysis results of the initial 

model. After the reinforcement, the weak points disappeared, 

including the weak points under the differential pressure regula-

tors, which were weak at 599 and 614 Hz. Figure 15 shows a 

comparison of the vibration level between the initial and im-

proved models. 

(a) Modeling 

(b) Mode shape of 1st 330 Hz 

Figure 13: FEA modeling and mode shape of 330 Hz (im-

proved model) 

The design in this study aims to avoid resonance and reduce 

the acceleration level by isolating the natural frequency inside the 

hydraulic tank as much as possible from the main frequencies, 

which are identified in the actual structure-borne noise test.  
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(a) Point 5 

(b) Point 9 

Figure 14: Harmonic analysis results (improved model) 

(a) Initial model 

(b) Improved model 

Figure 15: Comparison of two models of harmonic analysis 

results 

Compared with the initial model, the improvement effect of the 

acceleration level in the target main frequency range is signifi-

cant. Additional reinforcements to the front, side, and bottom 

surfaces will be effective in reducing structure-borne noise. 

3.3 Test results of improved model 

Figure 16 presents the test results of structure-borne noise, 

and at all measurement points from position 1 to measuring 

position 9, the results obtained satisfy the vibratory acceleration 

reference level at all frequencies.  

(a) Point 5 

(b) Point 9 

Figure 16: Measurement results of structure-borne noise (1/3 

octave band) 

The analysis of the narrow band results in Figure 17 demon-

strates that all the acceleration levels at the main frequencies 

generated in the initial test model are reduced. 

(a) Point 5 
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(b) Point 9 

Figure 17: Measurement results of structure-borne noise (nar-

row band) 

Some frequencies generated by the piston reciprocating motion 

of the hydraulic pump still remained, but the results satisfied all 

of the reference levels provided in the test specifications. 

4. Conclusion
This study analyzes the cause of excessive vibration generat-

ed by the rotational and reciprocating motions of the motor and 

hydraulic pump, respectively, in a hydraulic power unit with 

elastic support, via a structure-borne noise test. Furthermore, to 

achieve the prevention of resonance and reduce the acceleration 

levels, a structure-borne noise reduction method for the hydrau-

lic power unit was investigated. 

1. In the structural-borne noise evaluation of the hydraulic

power unit, the frequencies with high acceleration levels

at 180, 339, 360, 539, and 719 Hz, were analyzed. The 20-

Hz component is the primary component in which the mo-

tor and hydraulic pump rotate, and the 180-, 360-, 539-,

and 719-Hz components are the frequencies generated by

the reciprocal motion of the nine pistons in the hydraulic

pump. These frequencies occur owing to the vibration of

the surrounding structure from the reciprocating motion of

the hydraulic pump.

2. The improved model was validated by the reinforcement

design of the hydraulic tank to avoid frequency, and it ex-

hibited high acceleration levels in the structure-borne

noise evaluation. A harmonic analysis was performed to

verify the effectiveness of the reduction of the structure-

borne noise, thus confirming the decrease in the accelera-

tion levels at the main frequencies.

3. The implementation of the design change was verified by

FEA, which confirmed the effectiveness of reducing struc-

ture-borne noise in the final test evaluation.

In this study, FEA was used to save time and cost in the ex-

periment. Furthermore, using the improved model, vibration 

and noise reduction was achieved in this study in accordance 

with the US Navy standards. 
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